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Abstlact—A planetaryrover operationssystemhasbeende-
veloped and verified in terrestrial rover field tests. The
Web Interface for Telescience(WITS) provides visualiza-
tion of downlink dataandrover commandsequenceener
ation. WITS alsoprovidescollaboratve sequencgeneration
by distributed Internet-basedisers. The Parallel Telemetry
ProcessindPTeP)systemprocesseslownlink datafrom the
rover andplacesthe dataproductsin a databaseThe Multi-
missionEncryptedCommunicatiorBystem(MECS)provides
communicationbetweenthe primary operationscenterand
geographicallydistributed Internet-basedisers. The opera-
tions systemwasusedto visualizedownlink dataandgener
atecommandsequencefor the Field IntegratedDesignand
OperationgFIDO) rover in deserffield tests. Complex sur
faceoperationsxpectedof future Marsrover missionswere
demonstrateth thefield tests.
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1. INTRODUCTION

Marsrovermissionoperationsncludesthegroundoperations
systemon Earth, communicationbetweenEarth and Mars,
andsurfaceoperationson Mars. The groundoperationgpro-
cessstartswith receiptof downlink datafrom therover. The
datais thenprocesse@ndplacedin a databaseUsersview
the downlink dataand then generateand validate the next
commandsequencehat will be uplinkedto the rover. This
paperdescribeghe groundoperationssystemusedto com-
mandtheField IntegratedDesignandOperationgFIDO) pro-
totype Mars rover. Technologiesare describedwhich have
beendevelopedandintegratedinto the operationssystemto
male rovergroundoperationgnoreefficient. Thegroundop-
erationssystemwasusedto commandhe FIDO roverduring
deserfiield testsin CaliforniaandNevada.

TheFIDOroveris aprototypeMarsroversimilarto therovers
whichwill landon Marsin the2003MarsExplorationRaover
(MER) mission[1]. FIDO is usedto evaluatethe complex
surface operationsexpectedof future Mars rover missions,
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Figurel. FIDO RoverDuring NevadaDesertrield Test

including identificationof rock targets,approachinghe tar

getsandconductingn-situ measurementsswell ascollect-
ing scientificdataon distanttargets.FIDO field testsexercise
MER missionoperationsonceptsandprovide scienceoper

ationsteamtrainingin comple< andrealterrains.

Stereacamera®ntheFIDO rover'smastandbodyareusedo
imagethe surroundingerrain. An InfraredPoint Spectrome-
ter (IPS)onthe mastis usedto characterizéothnearby and
distanttargetson theterrain. An instrumentarm placesa mi-
croscopidmageron selectedsurfacetargets.A coringdrill is
usedto extractrock samplesFigurel shovsthe FIDO rover
duringthe May 2000field testin Nevada.

The Web Interfacefor Telescienc€WITS) is usedfor down-
link datavisualizationandcommandsequencgeneratiorfor
FIDO. An updatedversionof WITS will be usedfor sci-
enceoperationsn the MER missionandexperiencefrom the
FIDO field testshasled to focusedechnologyenhancements
to benefitMER missionoperationsWITS wasoriginally de-
velopedo provideInternet-basedistributedMarslanderand
rover operationsand was usedto commandthe Rocky7 re-
searchrover [2], [3]. An adaptationof WITS was usedfor



RoboticArm andRoboticArm Cameracommandsequence
generatiorfor the Mars Polar Lander(MPL) missionwhich
wasto begin surfaceoperationsn Decembef999[4]. Unfor-
tunately communicatiorwith the MPL landeronthe Martian
surfacewasnot achieved,socommandinghelanderwasnot
possible.

WITS is usedwith othertoolsfor the FIDO rover operations
system. The Parallel Telemetry ProcessingPTeP) system
processeslownlink datafrom the rover and placesthe data
productsin afile system-basedatabaseThe Multi-mission
EncryptedCommunicationSystem(MECS) provides com-
municationbetweenthe primary operationscenterand geo-
graphicallydistributedinternet-basedlVITS client systems.

New rover operationstechnologieshave beendevelopedto
malke sequencgeneratiommoreefficient. Internet-basedp-
erations,whereuserscan participatein commandsequence
generatiorfrom theirhomeinstitutions,enablesisergo fully
participatein daily rover operationsvithout having to travel
to the primary operationscenter Simulation of sequence
commandsn varioustypesof views enablesisergo quickly
verify the command®f the sequenceCo-registrationof im-
agedatasetsenablegarget selectionandviewing of datain
imagestaken from ary rover position. Integratedresource
analysisandrulescheckingenablegastverificationof these-
guence Groupcollaboratiorandsharedsequenceditingen-
abledistributedusersto efficiently collaboraten dataanaly-
sisandsequencgenerationAutomatederraintraversability
analysisshows safetraversalpathsto assistauserin planning
rover traversepaths.Automatedreportgeneratiorgreatlyre-
ducesthe necessaryime to generataeportsdescribinga se-
guencethat was sentto the rover. Thesecapabilitieshave
beendevelopedandintegratedinto WITS anddemonstrated
in FIDO roveroperations.

This paperdescribeshe ground operationssystemfor the

FIDO rover. The PTeP downlink telemetryprocessingys-
tem, the file systemdatabaseand MECS Internetcommu-
nication systemare described. The capabilitiesand use of

WITS for downlink datavisualization,sequencegeneration,
anddistributedoperationsaare describedn detail. Examples
are given using datafrom May 2000 and Septembe2000
FIDO roverfield tests.

2. ARCHITECTURE

The operationsarchitecturefor the FIDO rover usedin the
field testsis shavn in Figure2. The architecturehasequia-
lent elementgo anactualMars rover mission. Surfaceoper
ationsareperformedby the FIDO rover. Earthto Marscom-
municationis simulatedby satellite communicationwhich
providesacommunicatiodink betweerthefield testsiteand
the primaryoperationsenterat JPL.Downlink processingds
doneby PTePwith resultsplacedin a file systemdatabase.
WITS is usedfor datavisualizationandsequencgeneration.
MECS is usedto distribute datato Internet-basedisersand
for communicatiorwith Internet-basedVITS clients.
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Figure2. FIDO OperationdArchitecture

The WITS databasés a structuredile system.The database
includes constantinformation such as models, uplink se-
gquencegenerationnformationsuchassequencesnddown-
link dataproducts.Downlink datais automaticallyprocessed
andplacedin thecorrectplacein thedatabaselnformationin
thedatabasés usedby WITS for datavisualization sequence
generationandfor automatedeportgeneration.

Downlink Data Processing

The Parallel TelemetryProcesso(PTeP)processesll of the
datareceivedfrom theinstrumenton FIDO into 25 different
sciencedataproductsaandautomaticallyplacesheseproducts
in a structuredfile systemdatabasd5]. A prior downlink

processingystemusedUnix scriptsto procesghe downlink

data.Thatsystemwasgreatlylimited by thefactthatit could
only processa singledownlink packetat atime. In addition,
it did notgracefullyhandleerrorconditionsor provide anin-

tuitive interfaceto theuser

PTePis a Javalanguageapplicationcapableof processingn
arbitrarynumber(typically 4) of downlink pacletsfrom the
rover simultaneouslyand automaticallytakes advantageof
all of theCPUsthatareavailableonthecomputer PTePs ar
chitecturalefficiency enableghroughputf aboutthreepack-
etsperminute. PTeP providesits userwith a graphicalmon-
itoring interfacethatillustratesthe stepsin the downlink pro-
cessingpipeline for eachtype of instrumentpaclket andin-
dicatesthe statusof eachpaclet currently being processed.
Whenprocessingrrorsoccur, theaffectedpacletsaremoved
into anerror queuefor later review while processingf nen
pacletscontinues At ary time, a usercanaccessletailedin-
formationabouta processingerror, correctthe problem,and
resumeprocessingf the paclet.

Thedatabasstructurefor the processed DO downlink data
productsis shovn in Figure3.

Client-Serveimplementation

WITS usesa client-serer architectureto supportcommuni-
cationsbetweennumerousclients and the one sener. The
senerprovidescommunicatiorbetweertheprimarydatabase
andthe clients. The clientsare distributed over the Internet
andprovide the interfaceto the usersto view downlink data
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Figure 3. Downlink Databasétructure

andgenerateommandsequences.

TheWITS clientandsener areimplementedisingthe Jasa2
platform, including the Javra3D and Java Cryptographyex-
tensions. Communicatiorbetweenthe clientsand sener is
implementedisingJava RemoteMethodInvocation(RMI).

The WITS sener is implementedas a Java languageappli-
cationrunningon a computerat the primary operationen-
ter (at JPLfor FIDO operations).The WITS clientis down-
loadedfrom the JPL WITS website. It is usuallyrun asa
Java application;it canalsoberun asa Java appletin aweb
browserusing Java Plug-ins. Usersmustfirst dowvnloadthe
Java Run-timeEnvironmentandJava3D.

Internet-basedperations

Internet-basedperationsreprovidedby theclient-senerar
chitectureof WITS andthe datadistribution andsecurecom-
municationcapabilitiesof MECS. An Internet-basedemote
useris providedall of the functionality availableto a userat
the primary operationscenter Remoteusershave accesgo
downlink dataproductsalmostasquickly asusersat the pri-
mary operationcenter As soonasthe downlink dataprod-
uctsareverified asvalid, thenthey aredistributedto remote
users.

Internet-basedperationgprovide variousbenefits.Useof the
public Internetfor distribution of missiondataeliminatesthe
costsof dedicatedeasedlines which have beenpreviously
usedto supportremoteusers. Enablingusersto participate
in a missionfrom ary location on the World Wide Web re-
duceshothhousingandoperationsenterninfrastructurecosts.
Also, scientific experts can participatein the missionwho

would otherwisenot be available due to travel constraints.

Pre-missioroperationgeadinessests(ORTs) canalsobene-
fit from Internet-basedperationspecausearticipantsfrom
other institutionscan fully participatein ORTs without the
additionalcost(bothin time andmoney) of having to travel
to JPLfor eachtest. Thus,moretestscanbeperformedwyhich
involve all missionparticipants.

A secureandefficient meango transferdatais neededo en-
able collaborationin daily sequenceeneratiorby Internet-

Figure4. Sites,Positions,Targets

basedscientists. The Multi-mission EncryptedCommuni-
cation System(MECS) was createdto provide the required
securelnternet-base@¢ommunication6]. MECS wasinte-
gratedwith WITS both for FIDO rover operationsand for
Mars PolarLandermissionoperations.MECS operatesn a
fashionthat is transparento the remoteuser: Files simply
appearas they becomeavailable and connectionsare made
securelywithout arny additionaleffort onthe partof theuser
MECS providestwo typesof encryptedcommunicationfor
WITS: 1) automatedielivery of databasepdatego Internet-
basedclients,and 2) encryptedcommunicatiorbetweenthe
clientsandsener. Sinceencryptionwasnot requiredfor the
FIDO roverfield tests the communicatiorfeaturesof MECS
wereusedwithoutencryption.

MECSconnectionsareauthenticatedisingthe NASA Public
Key Infrastructure(PKIl). After authenticationcommunica-
tions aremadethroughSSL (SecureSoclets Layer) andare
encryptedusingthe Triple-DES-EDE3algorithm. MECSis
implementedastwo Java programs sener andclient, using
thepublicly availableEntrustJava Toolkit’s low-level authen-
tication andencryptioncapabilities. For eachmission,there
is typically one sener, operatingbehinda missionfirewall,
andmary clients,oneon eachremoteusers machine.

Internet-baseaperationswas usedeffectively in the FIDO
field tests.In the May 2000field testnearTonapahNevada,
operatorausedWITS and MECS to visualizedownlink data
and generatecommandsequencedrom JPL; Ithaca, New
York; Birmingham,Alabama;Flagstaf, Arizona; St. Louis,
Missouri; and CopenhagenDenmark. In the operations
readinesdestsleading up to the field test, scientistsSteve
Squyresand Ray Arvidson and their colleaguesrom Cor
nell UniversityandWashingtoriJniversity, respectiely, were
ableto leadthetestsfrom their remotelocations.

Sitesand Positions

The physicallocationsthat the rover traversesto are orga-
nized using sitesand positions,as depictedin Figure4. A
site is a new areain which to explore. It is generallythe
areawithin a nev panoramag.g., an areaof about20 me-
tersradius. A positionis alocationthattherover hasmoved
to within a site. A new position is definedwheneer the



rover wheelshave turnedandnew datahasbeenacquiredto
be downlinked. Sitesare shovn in Figure 4 ascircleswith
crossesn themwith namesstartingwith S andpositionsare
shavn ascrossesvith namesstartingwith P

Targetsarelocationswheresciencedatais taken. Targetsare

attachedo theterrain. For exampleatargetis wherelnfrared

PointSpectrometeinstrumentatais takenandcanbedistant

from the rover. Tametsare depictedin Figure4 ascrosses
with namesstartingwith T.

Variouscoordinateframesdefinethe kinematicrelationships
betweerlocationsthatthe rover hasvisited. A SITE frameis
specifiedfor eachsite andhasits X axisalignedwith North.
TheLANDER frameis thefirst SITE frame,atthestartof the
mission. The ROVER frameis a framefixedon therover. A
POSITIONframeis the ROVER framewhena new position
is defined.

Sciencedatais definedrelative to a POSITION frame. For

example,whena sterecimagepair is processe@ndthe 3D

coordinate®ntheterrainassociatewvith eachpixel arecom-

puted,the 3D coordinatesare definedrelative to the POSI-
TION frame wherethe rover waswhenit took the images.
This is importantbecauséhe datarelative to the rover’s po-

sition staysconstantput the estimateof the rover’s position
is likely to be updatedupon further analysis. Updatingthe

estimateof therover’s position (by updatingthe transforma-
tion from the SITE frameto the POSITIONframe)doesnot

requireupdatingof processedhstrumentdata.

WITS automaticallymanageghe variouscoordinateframes
andtransformationbetweercoordinatdrames.Theusercan
then selecttargetsin imageryfrom arny rover position and
planninginformation canbe displayedin imageryfrom ary

rover position. Theusergenerallyseesall datarelative to the
currentsite frame, independenbf the framethat the datais

actuallystoredrelative to.

3. DOWNLINK DATA VISUALIZATION

Downlink datafrom thelanderor roveris providedby WITS

by meansof various‘views’. PanoramaQOverheadWedge,
and3D viewswith datafrom theFIDO roverMay 2000desert
field testareshowvn in Figure5. The Resultswindow (Fig-

ure6) enablegheuserto selectdataproductgo bevisualized
in views, baseduponrover positions.The Planwindow (Fig-

ure 15) providesavailableviews basedupona specificuplink

plan. A planincludesview definitionsandsequencénforma-

tion for generatingoneuplink sequence.

The views display various planninginformation. Informa-
tion is displayedconsistentlyin all views whereit is visible.
In Figure5, the rover is shavn asa 3D solid modelin the
3D view, in 3D wireframein the Panoramaview, andin 2D
wireframein the Overheadview. The ruler is shovn in the
Panoramaview (it is out of rangein the otherviews). The
pointeris shavn in the Panoramaand Overheadviews. Tar

getsarepink circles,waypointsare blue squaresandgroup
markersare greentriangles. Yellow footprintsare view ob-
jectswherepancamimageswill betaken. Smallyellow cir-
cles are view objectswhere IPS spectrometedatawill be
taken,e.g.,atipslandips3.

ResultsMndow

The Resultswindow displayslists of availabledownlink data
organizedy sitesandpositions.The Resultsvindow is atab

in the Main window, asshavn in Figure6. Selectinga data
productcauseghe associatediiew to pop up displayingits

data. WITS automaticallydeterminesvhat type of datathe

selectiorrepresentandopengheappropriateview to display
the datain. The varioustypesof dataviews are described
below.

At the bottomof the Resultswindow is the ReloadDatabase
button. Pressinghis buttonupdateghedisplayin the Results
window. Thisis usedafterthedatabasbasbeenupdatedwvith
new dataproducts.The updateddatabaseould be eitherthe
primary databasdor usersat the primary operationscenter
or the databaseon a remoteusers computerthat hasbeen
updatecby MECS.

Desceniiew

The Descentview providesa 2D imagetaken from the air,
e.g.,from orbit or duringdescento thesurface.The Descent
view displaysthelandinglocation,planninginformation,and
all sitesupto thesite of thecurrentplan. Thesitesarenamed
and connectedsequentially The view can be rescaledand
resizedandtheusercanselectto toggledisplayof sites lines
betweersites,waypoints,andtargets. The usercanselecta
pointandcanchooseo display3D pointsin LANDER frame
or lastsiteframecoordinates.

An exampleDescentview, usingdatafrom sol9 of the first
weekof theMay 2000FIDO roverfield test,is shovn in Fig-
ure7. Thefigure shaws the sitesthatthe rover hastraversed
to, with the rover currentlyat site 7. Theimagealsoshowvs
the targets(circles) and waypoints(squares}hat have been
specifiedfor the currentplan.

Overheadview

TheOverheadview provides2D overheadmagesof thearea
aroundthe rover, asshown in Figure5. The Overheadview

is differentfrom the Descentview in thatview objectsfor a

sequencare displayed(view objectsare discussedn Sec-
tion 4). The usercan choosebetweenvariousbackground
imagesincluding texture, elevation, contour and obstacle;a

color-codedelevation mapis shown in Figure5. The Over

headview provideslocationselectionanddisplay ruler tool

selectionanddisplay target andwaypointdisplay view ob-

jectdisplay squareradial,andanglegridsdisplay andtoggle
of displayof headingsradial grid, andsquaregrid.
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Figure7. DescenView

Wedge View

TheWedgeview displaysoneimageassociatedvith a stereo
camergpair, asshown in Figure5. As in otherviews, targets
arepink circles,waypointsarebluesquaresandgroupmark-
ersaregreentriangles.Smallyellow circlesareview objects
wherelPSspectrometedatawill betaken,e.g.,atips3.

Thelmagemenuallowstheuserto selectwhatimageproduct
to view. Therearevariousstandardmageproductsavailable.
Standardmageproductsor monochromémagesncludethe
original left andright imagesfrom the stereopair, versions
of thoseimageswith elevation dataoverlayedon them,and
a combinedanaglyphimagewhich canbe viewed with red-
blue glassedo seescenen stereo.Standardmageproducts
for colorimagesdncludethecompositecolorleft andrightim-

agesversionsof thoseimageswith elevationdataoverlayed
on them, the anaglyphimage,and separatémagesfor each
camerdrom thethreecolor bands.

The Wedge view provides location selectionand display

rulertool selectioranddisplay targetandwaypointselection
anddisplay andview objectdisplay Azimuth headingsare
shawn relative to North andtilt anglesare shavn relative to

thehorizontal. Anothermenuitem allows the userto linearly
modify the contrasbf theimagesuchthat90%,95%,o0r 98%
of the pixel intensitiesarewithin thetotal range.

3D view dataandOverheadview dataareautomaticallypro-
ducedfor eachimagestereopair. 3D and Overheadviews
correspondingo the Wedgeview can be openedvia menu
itemsin the Wedgeview Action menuitem.

PanoramaView

The Panoramaview displaysa mosaicof imagestaken by a
stereocameraasshown in Figure5. Theroveris shovn in
wireframeandthe ruler and pointerarevisualized. Targets,
waypoints,and group markers are shovn. Imagefootprints
are view objectswhere mastmountedpancamimageswill

be taken. Small yellow circles are view objectswherelPS
spectrometedatawill betaken,e.g.,atipslandips3.

The imagesof a panoramaare automaticallyplacedin the
mosaicat run-time. The Panoramaview provideslocation
selectionanddisplay ruler tool selectionanddisplay target
andwaypointselectionanddisplay andview objectdisplay

Azimuth headingsareshown relative to North andtilt angles
areshownn relative to horizontal. Theusercanchangehemin

andmaxazimuthandtilt anglesto draw the panoramavith a
cornvenientanglerange. The view canberescaledo 1, 1/2,

and1/4 size. Scroll barsallow the userto scroll throughthe
panoramaoth vertically andhorizontally A menuitem al-

lows the userto linearly modify the contrastof all images
suchthat 98% of the pixel intensitiesare within the total

range.

When a user selectsa pixel in animage, the associate3D
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Figure 8. ContrastAdjusterView

point on the terrainbecomeghe currentselectedpoint and

theimagethatthe pointis in becomesghe currentlyselected
image. A menuitem allows the userto opena Wedgeview

for theselectedmage.

ContrastAdjusterView

The ContrastAdjuster view is openedfrom a Wedgeview
pull-down menuandenableshe contrastto be adjustedfor
a Wedgeview image,asshowvn in Figure8. The minimum
andmaximumdesiredpixel intensitiesareselectedria scroll
barsandthenthe pixel intensityvaluesof theimagearelin-
early stretchedo have the selectedpixel intensitiesbecome
minimum (0) andmaximum(255). Theinitial imageandthe
histogramsof the initial and adjustedimagesare shovn on
theleft andthe modifiedimageis shovn ontheright.

3D View

The 3D view provides3D visualizationof the rover andter-
rain, andplanninginformation. Targetsare pink coneswith
spherestthe bottomwhereatargetis (thecurrentlyselected
targetis coloredred). Waypointsare blue boxes. The user
caninteractively changethe viewpoint andzoomandtrans-
late androtatethe viewpoint. In Figure5, the rover andtwo
targetsareshown.

Control Window

The Controlwindow providesinteractive controlover visual-

izationin the 3D view. Specifictabsareprovide for mission-
specifichardwareelementsFor the FIDO rover, theusercan

specify statesof mastangles,mini-corer, body, instrument
arm,andcameraview cones.Also, theusercanselectwhich

imagesto shav as3D terrainin the 3D view.

InstrumentData View

ThelnstrumenDataview displayssciencanstrumentesults.
It is assumedhatsciencanstrumentdatahasbeenprocessed
to generate jpeg image. The jpeg imageis displayedalong
with therover statewhenthedatawasacquired.An example
of IPS spectrometedatafrom the FIDO field testis shavn
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Figure10. InstrumentDataView - Color Microimager

in Figure9. An exampleof Color Microimagerdatafrom the
FIDO field testis shovnin Figure10.

Pointerand Ruler

The pointertool enablesselectionof a 3D pointin animage.
Clicking on a point in a Descent,Overhead,Panorama,or
Wedgeview causes crossto be dravn therewith the X,Y,Z
valueson the terrainfor that point with respectto the cur-
rentsite. This locationbecomeghe global currentlyselected
location. An exampleis showvn in Figure5.

The ruler tool enablesdrawing a ruler betweentwo 3D lo-
cationsin the terrain. Clicking and draggingbetweentwo
pixelsin a Descent,Overhead,Panoramapr Wedgeimage
causegrossedo bedravn atthe startandendpointsandthe
X,Y,Z valuesatthe startandendpointsto be drawn, with the
X,Y,Z valuesgivenwith respecto the currentsite. The dis-
tancebetweerthe pointsandthe azimuthdirectionfrom the
startto endpointarealsodisplayed A line is drawn between
the startand end points. The ruler is storedas a view ob-
ject anddisplayedin all DescentOverheadPanoramaand
Wedgeviews. An exampleis shavn in the Panoramaview of
Figure5.



File Action

This window provides measurement of feature heights

relative to the ground.

Usage:

- Select a valid location on feature in Panorama or Wedge view.
- Select Add Feature Height menu item.

- Select a walid location on ground in Panorama or YWedge wiew.
- SBelect Add Sround Height menu itern.

- Repeat for as many feature and ground points as desired.
- Delete a location from either list by selecting it and then the De
- Select Compute Height menu iter to compute the height of the = |

Ground Height
01233

-

Feature Height
|-o.12e

Feature height abowe ground {meters) = -0.2623

Figure1l. FeatureHeightWindow
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Figure12. Locationimageswindow

Feature HeightWindow

The FeatureHeightwindow is usedto measureghe heightof
a feature. The userselectspointson the featureand on the
groundandthe averageheightis displayed. An exampleis
shawvn in Figurell.

LocationlmagesWindow

The Locationlmageswindow is usedto find all imagesand
views that a specifiedlocationis seenin. An exampleLo-
cationlmageswindow is shawvn in Figure12. The available
locationsarelisted in the left column, including the current
cursorlocation, all tagetsandwaypoints,and all positions
thattheroverhastraversedo. Theuserselectghedesiredo-
cation. Thesitesto searchareselectedn the middle column.

The usercanselectone, multiple, or all sitesto be searched.

The exampleshaws that four siteswill be searchedSearch-
ing a site meansto checkall imagesand views which have
datain the specifiedsite. The searchresultsareshavn in the
right column. Selectinga searchresultwill causethe associ-

= R =]

Macro 6

e B

Radiance Coefficient

T8 2.0
Wavelength

Figure13. CustomDataProductExample

atedWITS view to open.

CustomData Products

Usersareableto createtheir own dataproducts placethem
in the WITS databaseandthenview themwith the Wedge,
Overhead,and InstrumentData views. The usergenerates
thedatain thecorrectformatandputsit in thedatabasatthe
desiredplace. Wedgeview, Overheadview, and Instrument
Dataview customdataareproducedoy usersasjpeg images
with a specifiednamingconvention. The new dataproduct
automaticallyshovs up in a menu of the associatedview.
Dataplacedin the primary databasés accessibldy all mis-
sionparticipantsThisis acornvenientmeandor usergo store
customdataproductsin the correctplacein the databaseto
view theirdataproductsandto sharetheir dataproductswith
otherusers.

Figure 13 shawvs a customdataproductviewed with the In-
strumentDataview. Thedataproductshavsalibrary spectra
of themineralKaolinite andthespectrdrom ninepointsin an
IPSgrid. It wasproducedby a remoteparticipantduringthe
May 2000FIDO field testandsavedto the primary database
atJPL.

4. UPLINK SEQUENCE GENERATION

Sequencgeneratiorstartswith usersselectingargetswhere
scienceactvities will be performed.Waypointsare selected
to specifywheretheroverwill traversethrough. Macrosare
addedo asequencéo specifythetasksthattheroverwill per
form. Resourcanalysisandrulescheckingareperformedo
verify thatthe sequencés valid within specifiedconstraints.
The sequencés simulatedandthensentto the rover for ex-
ecution. Featureghat WITS providesto supportsequence
generatiorby a groupof usersaredescribecbelow.

Plans,Plan Window

A plan containsinformation associatedvith one uplink se-
quencesuchassciencetamgets,sequencdragmentsandas-
sociatedviews. Plandatais in a directoryin the uplink part
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Figure14. Uplink Databasestructure
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Figure15. PlanWindow

of the database.The uplink databasestructureis shavn in
Figure14.

It is useful to collect all planninginformation for one se-
guenceinto a plan. Thereis muchdownlink dataavailable
to view, but only a smallsubsemmight be of interestfor plan-
ning one sequenceThe setof dataandthe view definitions
to view it arestoredwith the plan. After thedownlink datais

available,ausercanusethe Resultavindow to view ary data.
An openview thatis of interestto the planis associateavith

the plan by selecting'Save to Plan’in theview's File menu.
All targetscreatedandsased while in a planaredefinedand
storedin the planTargetsfile. The apgenand seqgerdirec-
toriesrepresentlirectorieswheresequencefrom or to other
sequencéools arestored. The apgenandseqgerdirectories
referredto the APGENandSEQGENtoolsin theMarsPolar
Landermission.

The Planwindow is a tabin the Main window, asshown in
Figurel5, andis usedto manageplans.ThePlanwindow dis-
plays available PanoramaOverhead Wedge,and 3D views
for aspecificplan. Thisis a corvenientway to presengvail-

ableviewsto theuser Eachview definitionhasa specificset
of downlink datait uses,so definitionsof views may be up-

datedfor eachnew plan. ThePlanwindow hasdatadisplayed
in atreestructurevhosenodescanbeexpandedr collapsed.
Theuseropensaview to visualizedownlink databy clicking

ontheitem. The userchangeglansby doubleclicking ona

plan.

The Plan window is also usedto provide generalinterac-
tion with the user Via the Plan window Shov menuthe
usercantoggle whetherto shav variousitemsin all views

including targets, waypoints, pointer, ruler, view objects,
and image outlines. Via the Plan window Window menu,
the usercan openothergeneralwindows and views includ-

ing: Optionswindow, FeatureHeightwindow, LocationIlm-

ageswindow, SyntheticLocation window, Target Reacha-
bility window, Control window, Check Ephemeriswvindow,

Blank Overheadsiew, andBlank 3D view. The SyntheticLo-

cationwindow enables userto specifytargetsandwaypoints
by typingin thevaluesdirectly or gettingthe X,Y valuesfrom

the Overheadview and specifyingthe Z value. The Check
Ephemerisvindow providespointinginformationto celestial
bodies.e.g.,theearth,sunor moonsof mars.

TargetandWaypointSelection

Targets are locationswhere sciencedatawill be acquired.
Waypointsareterrainlocationswherethe rover will traverse
to. A userspecifiegargetsandwaypointsinteractively in the
views andthey canbeusedby nameasparameterfn macros
in asequence.

A targetor waypointis createdrom the currentlyselectedo-
cation.A new selectedocationis createdy selectinga point
in aDescentOverheadPanoramagr Wedgeview. A crossis
drawn at the selectedocationandthe correspondingD co-
ordinateson theterrainaredisplayed.This selectedocation
canbeturnedinto a namedtargetor waypointusingthe Add
menuof the Targetswindow. WITS storesvariouspiecesof
information associatedvith the locationincluding imagein
which thelocationwasselectedandthe surfacenormal.

A targetor waypointcanbe movedby clicking onit in aview
anddraggingt to anothetocationor moving it pixel-by-pixel
with keyboardarrov keys. By default a target can not be
moved after it hasbeensaved to the database.The ability
to edit, which includesmoving, a targetafter saving it to the
databaseanbesetin the Optionswindow.

Whena waypointis added WITS automaticallyaddsa new
waypoint-level elementto the currentsequence.A request
elementis addedwith a driveRover macro. The sequencén
the Sequencevindow is automaticallyupdated.

The Targetswindow providesmanagementf targetsandis
accessibleas a tab in the Main window, as showvn in Fig-
ure 16. A tarmgetcanbe added deleted,or edited. Thereare
two typesof targets:plantargetsandlibrary targets.
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Figure 16. TargetWindow

Plantargetsaretargetsassociateavith the currentplan. They
are storedin the databasevith the currentplan andare not
accessibleoy other plans. Targetsare saved to the current
planin the Targetwindow by selectingFile/Save.

Library targetsare targetsthat are storedin a target library
file in the database.Above the list of targetsin the Tamet
window is a pull-down menuof availabletargetlibrary files
(the plan target list is also one of the options). The list of
targetsin the Target window are the targetsin the selected
targetlibrary. Library targetscanbeimportedinto a planand
thensavedasaplantarget. A targetis sazedto a library file
by selectingFile/Export. This bringsup the Target Library
window wherethe userspecifiesvhich library file to putthe
targetin. The usercandefinea new library file in the Tamget
Library window.

Loadingtargetswith File/Load causeghe plantargetsto be
reloadedrom the sener. This might be doneafteraremote
userhasaddedatarget.

An annotatiorfor atargetcanbeaddedo explainthepurpose
of thetarget,asshavn in Figure16. Thevisibility of atarget
canbeturnedon andoff usingthe Targetswindow. Turning
off thevisibility of atargetcausedt to notbedisplayedn the
views, but it is keptaspartof theplan.

Sequenc8uilding

The Sequencevindow is usedto generatea commandse-
guenceand is accessibleas a tab in the Main window, as
shavn in Figure5. A commandsequencédasa hierarchyof
elements.The hierarchyin descendingrder, is: Sequence,
Waypoint, RequestMacro, Step. Therecanbe ary number
of elementsat a lower level of the hierarchy e.g.,therecan
be ary numberof macrosin arequest.A requestrepresents
a high-level task. A macro,describedn more detail below,
is the functional elementin WITS by which the userspeci-
fiescommandsandparametersMacroshave expansionsnto
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steps. A stepis a low-level commandthat will be uplinked
to the spacecraft WITS cangeneratevariousformat output
sequenced-or the MarsPolarLandermission,WITS output
sequencef the Spacecrafdctivity Sequencé-ile (SASF)
format.

TheSequenc&indow shavsthesequencem oneplan. Mul-
tiple sequencesanbedisplayed. A plangenerallyrepresents
the planningelementgo generatemnecommandsequencé¢o
be uplinked to the spacecraft.The sequenceare shavn on
theright handsideof the Sequenc&vindow. Supportingmul-
tiple sequences usefulfor integrationof subsequencdsom
differentscientistsor subsequencedsr differentinstruments
into thefinal uplink sequence.

A list of macroswhich can be insertedinto a sequences
shavn on the left side of the Sequencavindow. Multiple
lists of macrosareavailable;choosingbetweermacrolistsis
donevia the pull-down menuabove the macrolist. A macro
is insertednto a sequencdy selectingthelocationin the se-
quencefor it to be insertedandthendoubleclicking on the
macroin the macrolist. Doubleclicking on a macroin the
sequenceauseshe Macrowindow to popup.

Therearevarioussequencediting featuresn the Sequence
window, e.g.,cut, copy, paste,anddeletein the Action pull-
down menu.Additionally, theusercanclick anddraganitem
in the sequencéo anothermositionin the sequencee.g.,the
usercanclick onamacroanddragit into adifferentrequest.
A usercandragall the macrosfrom onerequesinto another
requestasablock of macros.

A Macro window is usedto specify the parameterdor a
macro. An exampleMacro window is shovn in Figure 17.

Thestructureof themacrowindow is the samefor all macros.
At thetopis adescriptiorarea.Theparametenamesyalues,
and meansfor specifyingtheir valuesis in the middle, and
the macroexpansioninto stepsis at the bottom. Depending
on the type of parametertext areas,pull-down menus,and
slidebarsareprovidedfor specifyingthe parametevalues.A

macro-specifialgorithmcorvertsthe parameterito the ex-

pansiornwhich canhave ary numberof steps.

View Objects

View objectsareiconsof varioustypesthataredrawvn in the
views. View objectsaredrawn in all appropriateviews. A
standardview objectis the Ruler Tool view objectwhich is
usedto visualizethe Ruler Tool.

View objectsarealsousedto visualizecommandsn the se-
quence Commandso take pictureswith mast-mountedam-
erasare visualizedwith footprint view objects. Figure 5
shaws footprint outlinesof pancanmmagesdefinedin a pan-
campanoramaommand.The footprintscanbe seenin both
the Panoramaand Overheadviews. Small circles are used
asview objectsfor pointswherelnfraredPoint Spectrometer
datawill betaken,asattargetips3in the Wedgeview of Fig-
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Figure17. MacroWindow

ure5 andattargetipslin the Panoramaview. Whenamacro
or commands addedo asequenceheassociated/iew Ob-
jectsareautomaticallycomputedanddisplayedn theviews.

StateVisualization

Statevisualizationand simulationare usedto view the pre-
dicted stateof the rover at differentpointsin the sequence.
Whena userselectsa stepin the sequenceén the Sequence
window, statevisualizationupdatesall the views with the
stateof the rover at end of the selectedstep. Statevisual-
ization is usefulwhen checkingthe stateof the rover, e.g.,
instrumentarm and mastangles,at specificstepsof the se-
guence. The rover statesat the end of eachstepin the se-
guenceare computedat the sametime asthe resourcesised
by the stepssuchastime, enegy anddatavolume.

Simulation

Thesequenceanbe simulatedusingthe Executionwindow,
whichis atabin the Main window. Thewhole sequencean
besimulatedor the usercanselectspecificcommandso sim-
ulate. Simulationprovidessmoothsimulationof eachstepof
the sequencee.g.,the motion of the instrumentarm during
deploymentand placemenbf aninstrumenton a rock. The
usercanselectto singlestepthroughthe sequencsastartingat
a selectedstep. Simulationresultsarevisualizedin the vari-
oustypesof openviews.
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Figure 18. TraverseSimulation

Rovertraversesimulationis accomplishedby computingand
displayingtherover configurationatincrementestepsalong
the path. The rover position, orientation,bogey angles,and
resultingrover bodytilt aredisplayedat eachstep,asshavn
in Figure18. Therover headings known from the path. For
eachincrementegbathposition,2D (X,Y) positionsof thesix
rover wheelsare determinedrom the predictedrover posi-
tion alongthe path. The elevationsof the six wheelsarethen
determinedrom theterraininformation.

Thefollowing algorithmis usedto computethebogey angles,
bodytilt, andbodyroll ateachpathincrement A bogey con-
nectsthe forward two wheelson eachside of the rover. A
rocker connectgherearwheelandthe centerof thebogey on
eachside.

1 Theboge anglewith respecto theterrainreferencdrame

for eachof the two bogeysis calculatedusingthe difference
in heightsof thetwo bogey wheelsandthe distancebetween
thewheels.

2 The heightof eachof the two bogey attachpointson the

rocker is computedusing the height of front bogey wheel,

the bogey angle, and the mechanicalgeometryof the bo-

gey/wheelmechanism.

3 Theangleof eachrocker with respecto the terrainrefer

enceframeis calculatedrom the heightsof therocker wheel
andbogey attachpointandtherocker geometry

4 Theheightof eachof therocker attachpointsis calculated
usingthe rocker angle,rocker wheelheight, and rocker ge-

ometry

5 Becausethe rockers are attachedthrough a differential
linkage they actually representa single degree of freedom.
Therovertilt with respecto theterrainreferencdrameis the

averageof thetwo rockerangles.

6 Therocker angleswith respecto therover arecalculated
by subtractingouttherovertilt.

7 Theboge angleswith respecto therockersarecalculated
by subtractingouttherocker anglesrom thebogey angles.
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8 Theroll of theroveris calculatedusingtherelative heights
of therocker attachpointson therover.

TraversePlanning

Rover traverseplanningis a critical part of sequenceplan-
ning. Rover pathsshouldrequireminimal time and enegy
for the traversewhile keepingthe rover as far as possible
from hazardousareas. In the Mars Pathfindermission, the
traversability of the terrain and the bestpath for the rover
werespecifiedby theoperatomwithoutadditionalterrainanal-
ysis tools [7], [8]. The operatorperceved the terrain and
plannedrover positionsin a stereoscopidisplayof the Mar-
tianterrainwhile wearingstereogoggles.The operatorcould
‘fly’ a 3D rover icon throughthe stereoscopidisplay The
operatorassessethe traversabilityof the terrainby inspect-
ing the stereasceneandplacingthe rovericonin variouspo-
sitionswithin thescene.

While rover traverse planning can be done directly from
the operators perceptionof the terrain, automatedrover
traversabilityanalysisandautomategathplanningarevalu-
abletoolsto assisin pathplanning.Automatedpathplanning
wasavailablein an earlierversionof WITS for the Rocky7
rover [9], but hasnot beenintegratedinto the FIDO rover
versionyet.

Automatedterrain traversability analysis has beenimple-
mentedfor FIDO operations As partof the PTePautomated
downlink processindgor FIDO, dataproductsare produced
thatoverlayterrainandtraversabilityinformationon images.
Theelevation-overlaydataproductdisplaysa color-codedel-
evationoverlayedon animage. This enableghe operatorto
seeelevation changesn the sceneto helpin evaluatingthe
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terraintraversability PTePalsoproducestraversabilitymap
whichis anOverheadview imagethatshows traversableand
non-traversableareasn differentcolors. A traversabilitymap
in an Overheadview using datafrom the Septembe2000
field testis shovn in Figure 19. Criteria suchas obstacle
heightandslopeareusedto producethetraversabilitymap.

Rover pathsare specifiedin WITS by creatingwaypoints,
asdescribedabove. The waypointsare displayedin all the
views. Simulationandstatevisualizationcanbeusedto visu-
alizetheplannedover stateateachwaypointin all theviews.

Hazardzonesareareasn theterrainthattherovershouldnot
traversethrough. Hazardzone specificationenablesa user
to interactiely specifyhazardzoneson the terrain. Hazard
collision prediction shavs an operatorwhere the currently
plannedroverpathwill causeheroverto collide with aspec-
ified hazardzone.

A usercreatesa hazardzoneby specifyingthe 3D centerof
thezoneandthenusingtheHazardwindow to createhehaz-
ardzone.A basicproblemwith specifyinga pointontheter-
rainin the centerof the hazardzoneis thatthe desiredpoint
ontheterrainis likely to nothave terraininformation. For ex-
ample,if thehazardzoneis arounda boulder thenthe point
onthegroundatthe centerof the hazardwill be occludedby
the boulder The solution offeredin this implementationis
to specifythe 2D centermpointin the Overheadview andthen
to specifythe height(or Z) componenin a specialSynthetic
Locationwindow. Thisresultsin anew 3D selectedocation
in WITS. The userthenopensthe Hazardwindow to make
the hazard. A hazardzoneis definedto be a circle. A user
specifiesthe hazardnameand radiusand canaddtext com-



Figure 20. HazardCollision Prediction

mentsaboutthehazard.Thehazards thendravn asayellow
circlein theWITS views. A hazards shonvn in anOverhead
view in Figure20.

Hazardcollision predictiondeterminesvhena plannedrover

traverseis likely to causetheroverto collide with a specified
hazardzone.A rovertraverseis specifiecby designatingvay-

pointsfor the rover to traversethrough. The plannedrover

traversepathis the straightline segmentsbetweenthe way-

points. Therover pathis shavn asgreenline sggments.Col-

lision predictionis doneby testingthedistancefrom therover

to all specifiedhazardzone centersat incrementedpoints
alongtheplannedoverpath. Thedifferencebetweerthedis-

tancefrom the rover to the centerof a hazardzoneandthe

hazardzoneradiusis computed.This distances comparedo

safetydistancesTwo safetydistancesrespecified:safeand
collision. If the differenceis greaterthanthe safedistance,
thenthereis no dangerandthe pathis drawvn green. If the

differenceis lessthanthe safedistancebut greaterthanthe

collision distance thenthe path sgmentis designatedisky

andcoloredyellow. If thedifferenceis lessthanthecollision

distance thenthe path sgmentis designatedas a collision

areaandcoloredred. A risky pathsegmentis shawvn in Fig-

ure 20.

Therovertraversepathshovn in Figure20wasactuallycom-
mandedin the May 2000 FIDO field test. The hazardwas
a bush. The rover collided with the bush at the position
predictedby the display (the part of the path coloredyel-
low). Hazardzonespecificatiorandhazardcollision predic-
tion werenotusedbeforethetraverse After thecollision haz-
ard zonespecificationand collision predictionwere usedto
diagnosewhy therover collidedwith thebush,andit became
obviousthatthereasonvasthattheroverjust drove whereit
wascommandedo drive. Useof the hazardcollision predic-
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tion beforecommandinghe rover could have preventedthe
collision (a saferpathwould have beencommanded).The
rover hadautomatedn-boardcollision detectionandavoid-
ance,but it wasdevelopedto detectsolid objectslike rocks
andoftenfailsto detectbushesasin this case.

InstrumentArm Planning

Instrumentarm planningconsistsof selectingtargetson the
terrainfor the rover’s instrumentarmto placean instrument
on andspecifyingtheinstrumenttommandsaswell asplan-
ning arm deploymentandstavage. Consistentwvith the plan
for the MER mission,it is assumedhatall arm motion will
be donewith therover in the samepositionaswhenit took
the imagesusedto plan the arm motion. Arm andarm in-
strumentcommandsare addedto the sequenceand edited.
Targetsare usedby nameas parametersn the commands.
Simulationandstatevisualizationcanbeusedto visualizethe
plannedarmstateaftereachsequenceommand.Two special
armplanningfeaturesareprovidedto assistin armplanning:
reachability-aerlayimageandtargetreachabilityanalysis.

The reachability-werlay image is automatically produced
duringdownlink dataprocessindpy PTeR It is afront hazcam
imagewith color-codedoverlay of areageachabldéy thein-
strumentarm. An exampleof the reachability-aerlayimage
in aWedgeview is shavnin Figure21. With thereachability-
overlay image,the operatorcanseeall the possibleareasto
selecta sciencdargeton. In Figure21,thewhite patchover
laysonthefront of therock andon the groundarethereach-
ableareas.The reachableareason the rock would probably
not have beenpredictedasreachabléy an operatorwithout
thereachability-oerlayimage.In thefigure,theoperatohas
selectedatargetin thereachablareaon therock.

Targetreachabilityanalysisis provided by the TargetReach-
ability window, as shavn in Figure 22. The userselectsa

targetnamefrom a list of tamgets. If thetamgetis reachable,
thentargetinformationandthe armjoint anglesto reachthe

tamgetaredisplayed Also, thearmconfigurationronthetarget

is shawvn in the 3D view, asshown in Figure21l. If thetarget

is unreachablethentarget information and the reachability
violationreasoraredisplayed.

MastArticulation Planning

Variousfeaturesare usedto simplify planningof masttasks.
Low-level and high-level macrosare provided for sequence
generation A low-level commands providedfor eachcom-
mandthat the rover understandsuchas commandingoint
angles,taking stereoimage pairs, and taking an individual
IPSspectrumHigh-level macrosareprovidedto enablesasy
specificatiorof complicatedaskssuchasIPSscansA high-
level macrofor the IPSis the IPS_scanmacrowhich causes
theroverto take IPSmeasuremeniat a grid of pointsaround
atarget. The centraltarget name,the numberof horizontal
and vertical points, the horizontaland vertical spacing,and
variousIPS parameterareparametergor the macro.For the
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high-level macros the userinputsintuitive pointing parame-
ters,suchasatargetname andtherequiredmastjoint angles
areautomaticallycomputed.

View objects,as describedabove, visualizethe masttasks.
IPS measuremenpoints are shavn as small yellow circles,
pancamimageoutlinesare shavn asyellow footprints, nav-

camimageoutlinesareshovn asbluefootprints. Simulation
and statevisualizationcan be usedto visualizethe planned
maststateaftereachsequenceommand.

Constraints Chedking

WITS providesautomatedesourceanalysisandrulescheck-
ing to verify varioustypesof constraintshata commandse-
guencemustsatisfy Enelgy, time duration,anddatavolume
resourceutilization were computedfor eachstepof the se-
guencéor the MarsPolarLandermission.Also, theabsolute
executiontime for eachstepwascomputed.For FIDO, only
datavolumeis computedsinceenegy andtime modelshave
not beendefinedyet. Resourcaitilization is computedusing
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resourcanodelsfor eachlow-level command.

Rulescheckingrunsall definedsequenceules. Many types
of rulescanbe defined. Resourceconstraintrulescancheck
thatthe actualresourcesisedarewithin the resourcealloca-
tions. Time constraintsulescancheckthat commandswill
executeby a specifiedtime. FIDO hasnumeroussequence
rulessuchasrequiringthe mastto be deployedbeforetaking
apancammageor thearmto bedeployedbeforeplacingthe
microimageron atarget.

Automatedsequenceepairis provided to automaticallyre-
pair a sequencevhich violatessequenceules. Examplesare
the automaticinsertion of arm and mastdeployment com-
mandsif they are missing. Resourceanalysis,rules check-
ing, andautomatedsequenceepairarerun via menusin the
Sequenceavindow.

Group Collaboration

Group collaborationhasbeenimplementedn WITS to en-
able groupsof geographicallyseparatedisersto collabora-
tively decideon objectivesfor the rover. The group collab-
oration featuresenabledistributed usersto collaborateas if
they werein the sameroomusingthe samecomputer

Groupcollaborationfeaturesare providedto the uservia the
Grouptabof theWITS Main window, asshovn in Figure23.
A usercanwork independentlyiewing dataproductsand
editing sequencesWhenthe userwantsto work with other
usergo collaboraten viewing dataproductsor generatiorof
a sequencethenthe userjoins a group. A usercancreatea
new groupor useanexistinggroup.A list of all currentWITS
usersalongwith the groupthey arecurrentlyin, is shavn in
theleft columnof the Groupwindow.
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To ensurethat all group membersareviewing the samein-

formation,the groupview featurewasimplemented A view

is turnedinto a groupview by selectingthe ‘Add To Group’

itemin the File menuof the PanoramaQverhead\Wedge and
3D views. Whena view becomes groupview, it is opened
in all groupmemberstlientsandtheword Groupis addedo

its title.

The Groupwindow ‘Marker’ menuis usedto managegroup
markers. A markeris a 3D locationselectedyy a groupuser
anddisplayedon all othergroupusers’client views. Exam-
plesareshawn in Figure5. To createa marker, a userfirst
selectsa pixel in animagein a Panoramaor Wedgeview.
This locationis corvertedto a marker by selecting’'Add’ in
the ‘Marker’ menu.A greentriangleis drawvn atthe location
in all Panorama,Wedge,and Overheadviews of all group
membersandthe nameof the userwho createdthe targetis
displayednext to the marker.

Group messagesre used for textual messagingbetween
group members. It is assumedhat during collaboration,
telephone-basetkleconferencingr Internettelephory are
usedfor verbalcommunicationAll recevedgroupmessages
aredisplayedn the Messagesireaof the Groupwindow. To
sendagroupmessageausertypesthemessage the'lnputs’
areaof the Groupwindow andthenselectghe‘Send’ button.
Whothemessagés sentto andhow it is sentarecontrolledby
theselectionn themenubelow the Sendbutton. If ‘Personal’
is selectedthenthemessagevill only besentto theuserthat
hasbeenselectedn the userslist in the left column of the
Groupwindow. Theselecteduserdoesnot have to bein the
groupthatthe currentuseris in. If ‘Group’ is selectedthen
themessageavill be sentto all memberf the currentgroup.
If ‘Announcementis selectedthenthe messageavill bedis-
playedin a pop-upwindow in all group members’clients.
The ‘Send Beep’ checkboxof the Groupwindow indicates
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whetherthe userwantsa beepto be soundedon all group
membersclientswhentheir messagés receved.

The sener maintainsa state for eachgroup. The state
includes information on all current client users, all cur-

rentmarkers,cumulatve groupmessagesndcurrentgroup
views. Whena userjoins a group, their client is automati-
cally initialized with the groupstate,i.e., all the groupviews

areautomaticallyopenedall the markersaredisplayed,and
the group messagesire displayed. The group stateis also
usefulfor on-goinggroupusers.If a groupuserdeletesone
of moregroupviews for somereasonthenthey canautomat-
ically reoperthemby selectingRefreshGroupViews' in the
View menuof the Groupwindow.

Collaborative Sequencé&diting

Collaboratve sequenceediting is provided to enableusers
to simultaneouslyedit a commoncommandsequence.Se-
quencegeneratiortime is reducedby having differentparts
of thesequencedevelopedn parallel. Thecollaboratingusers
canbeatthe primaryoperationgenteror distributedoverthe
Internet.

For collaboratve sequenceediting, ownership of the se-
quenceis specifiedat the sequencandrequestievels. The
ownerof asequenceanmodify thestructureof thesequence
including adding and deleting requests specifying owners
for eachrequest,and specifyingresourceallocationsfor re-
questsThesequencewnercannotmodify themacrosnside
arequesthatis ownedby a differentuser(althoughthe se-
quenceowner candeletea completerequest). Tasksfor the
differentinstrumentsare separatednto differentrequestsf
the sequence.The owner of a requestcan add, delete,and
modify the macrosinsidethe requestbut cannotmodify the
constraintandresourceallocationsfor therequestA special
usercalledthesequencenanagecanmake any modifications
tothesequence.

To collaboratvely edit a sequencea userfirst checksout the
sequenceThesequencés copiedfrom thecommonsenerto
theusers WITS client. The userthenmodifiesthe sequence
as appropriatefor their ownership. Updatingthe common
senersequencavith theuserchangess calledmeiging.

To meme a sequenceowner’s changeso the commonse-
quenceat the sener, the sequencewner userselectsa Se-
quencewindow menuitem to modify the sequencstructure.
The original commonsener sequencés copiedandgivena
versionnumber Thenthe structurechangesare madeto the
sequenceAll requestsn the modified sequencareusedin
the new sequenceFor all requestdhatwerein the original
sequencethe macrosare copiedfrom the original sequence
andplacedin the new sequence.

A requestowner memgeschangedo the commonsener by
selectinga menuitem to mergetheir changedo the common
sener sequenceThe original sener sequencés copiedand
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given a versionnumber Then the requestsn the original
sequencéhat the currentuseris owner of are updatedwith
themacrosin themodifiedsequence.

AutomatedReportGeneation

The sequencelanningprocesds not completewith the se-
guencebeinguplinkedto the rover. Reportsneedto be pro-
ducedto documenthesequenceAn automatedequencee-
port generatiorcapabilitywas developedandintegratedinto
WITS [10]. Sequenceeportsare automaticallygenerated
andprovidedin a web-bravserbasedoperationgeportsys-
tem. An automaticallygeneratedequenceeportweb page
from the May 2000FIDO field testis shavn in Figure24.

The purposeof the automatedeportgeneratioris to reduce
thedocumentatiotime for eachsequencandto makeit easy
to accesslownlink dataproductsanduplink sequencénfor-

mation. Automaticgeneratiorof informationfor the reports
reduceghetime to generatehe documentationensuresac-
curateinformation, and can provide more information than
couldbegeneratedby hand.

A sequenceeport provides detailedinformation for a se-
guence.Thereport,consistingof numerousHTML andjpeg
imagefiles, is automaticallygeneratedia amenuitemin the
Sequenceavindow. Four framesare used. The upperright
framehasstaticinformationaboutthe sequencéncludingits
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name,operatorsand rover initial position. The upperleft
frame haslinks which control what informationis shavn in
the bottomleft frame. The bottomright framehasinforma-
tion asselectedn the bottomleft frame.

The Sequencewith Links pageshaws the WITS sequence
with its hierarchicalelementsasshown in Figure24. Steps
have the incrementedstep labels, commandswith parame-
ters,StatesandResourcefinks, andlinks to theview images
which relateto the Step. The Statedink causeghe planned
rover statesat the endof the Stepto be displayedin the bot-
tom right frame. The statesncluderover positionandhead-
ing, instrumentarm anglesandmastangles.The Resources
link displaysthe starttime and the resourcesafter the Step
including duration, enegy, channelizeddatavolume, non-
channelizeddatavolume, and total datavolume cumulative
for the Step,Macro,RequestandSequenceThereareicons
for the 3D view, Panoramaview, Wedgeview, andOverhead
view. If ajpegimageof aview wassavedfor thestep thenits
iconis listedwith the step.Theiconsarelinks to theimages.
Selectionof a view icon causeghe jpeg imageto be placed
in thebottomright frame. Figure24 shavnsa 3D view selec-
tion.

Movies of OverheadPanoramaand3D views areprovided.
Javascriptprogramsare generatedor the movies. Selection
of thedesiredmovie in the upperleft framecauseshe movie
to theplayedin the bottomright frame.



Selectionof the OutputSequencdink causeghe outputse-
guenceo bedisplayedn thebottomright frame. Selectiorof
thelnitial Statedink causes completdist of therover'sini-

tial statedo bedisplayedn thebottomright frameincluding
all statesdownlinkedfrom therover. Selectionof the Initial

ConditionViewslink causeshejpeg imagesof all theWITS
openviews, shawving the rover at its stateat the beginning of
the sequenceto be displayedin the bottomleft frameat a
constantwidth. Selectionof one of imagescauseghe full-

sizeimageto bedisplayedn the bottomright frame.

Selectionof the View Tablelink causesll of the storedjpeg
imagesof the views to be displayedin the bottomleft frame
separatedby their associatedsteps. Selectionof one of the
imagescauseghefull-size imageto be displayedin the bot-
tomright frame. Selectiorof the Sequenc®etail Reportlink
causeshesequencavith all of its hierarchicaklementdo be
displayedn the bottomleft framealongwith view imagesat
eachstep. Selectionof the ResourceReportlink causeghe
detailedresourcereportto be displayedin the bottomright
frame.

5. CONCLUSIONS

The FIDO groundoperationssystemincorporatesadvanced
operationstechnologiego make rover sequenceyeneration
efficient. The Parallel Telemetry Processor(PTeP) effi-

ciently processeslownlink telemetryto generatenumerous
dataproducts.The Multi-mission EncryptedCommunication
System(MECS) efficiently distributes databaseupdatesto

Internet-basegarticipantsand handlescommunicatiorwith

Internet-basedVITS clients. The Web Interface for Tele-

science(WITS) enablesefficient distributed downlink data
visualizationandrover sequencgeneration.
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